The transcription factor Pax6 has been implicated in neocortical neurogenesis in vertebrates, including humans. Analyses of the role of Pax6 in layer formation and cognitive abilities have been hampered by perinatal lethality of Pax6 mutants. Here, we generated viable mutants exhibiting timed, restricted inactivation of Pax6 during early and late cortical neurogenesis using Emx1-Cre and hGFAP-Cre lines, respectively. The disruption of Pax6 at the onset of neurogenesis using Emx1-Cre line resulted in premature cell cycle exit of early progenitors, increase of early born neuronal subsets located in the marginal zone and lower layers, and a nearly complete absence of upper layer neurons, especially in the rostral cortex. Furthermore, progenitors, which accumulated in the enlarged germinal neuroepithelium at the pallial/subpallial border in the Pax6 mutants, produced an excess of oligodendrocytes. The inactivation of Pax6 after generation of the lower neuronal layers using hGFAP-Cre line did not affect specification or numbers of late-born neurons, indicating that the severe reduction of upper layer neurons in Pax6 deficiency is mostly attributable to a depletion of the progenitor pool, available for late neurogenesis. We further show that Pax6 fl/fl ;Emx1-Cre mutants exhibited deficiencies in sensorimotor information integration, and both hippocampus-dependent short-term and neocortex-dependent long-term memory recall. Because a majority of the morphological and behavior disabilities of the Pax6 mutant mice parallel abnormalities reported for aniridia patients, a condition caused by PAX6 haploinsufficiency, the Pax6 conditional mutant mice generated here represent a valuable genetic tool to understand how the developmental cortical disruption can lead to a human behavior abnormality.
Introduction
The transcription factor Pax6 is a developmental regulator with an early embryonic forebrain expression pattern that is mostly limited to the pluripotent radial glial progenitors (RGPs) of the dorsal telencephalon (Götz et al., 1998; Walther and Gruss, 1991; Simpson and Price, 2002) . These RGPs are responsible for generating the glutamatergic excitatory pyramidal neurons of the cortex (Peters and Jones, 1985) . In Pax6-deficient Small eye embryos, the dorsoventral molecular patterning of the telencephalon is disrupted (Stoykova et al., 1996 (Stoykova et al., , 2000 Toresson et al., 2000; Yun et al., 2001; Muzio et al., 2002) , and a substantial fraction of cortical (pallial) progenitors are respecified to produce interneurons (INs) at the expense of glutamatergic pyramidal neurons (Kroll and O'Leary, 2005) . The expression gradient of Pax6 in the cortical ventricular zone (VZ) (Stoykova et al., 1997) suggests that Pax6 might confer rostral cortical area identities (O'Leary and Nakagawa, 2002) . However, although molecular markers for caudal domains are expanded into rostral cortex in the absence of Pax6 function (Bishop et al., 2000; Piñon et al., 2008) , the main cortical functional domains show normal thalamocortical connectivity, suggesting that the graded expression of Pax6 in RGPs does not impact intrinsic area identity (Piñon et al., 2008) .
Cortical glutamatergic neurons are derived from two types of progenitors: RGPs, which divide asymmetrically at the apical surface of the VZ; and intermediate (or basal) progenitors (IPs), which originate from RG and divide symmetrically in the subventricular zone (SVZ) (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004; Lukaszewicz et al., 2005) . In Pax6-deficient mutant mice, RGPs generate only one-half the normal number of cortical neurons (Heins et al., 2002) , and upper [supragranular layer (SGL), layer 4 (L4), L3, and L2] layers are almost completely absent (Schmahl et al., 1993; Stoykova et al., 1996; Carić et al., 1997; Götz et al., 1998; Tarabykin et al., 2001; Nieto et al., 2004; Schuurmans et al., 2004) . In contrast, mutants deficient for the transcription factor Ngn2 exhibit selective defects in the specification and migration of the early-generated lower [infragranular layer (IGL), L6, and L5] neurons, implying that IGL and SGL neurons are specific outputs of Ngn2-and Pax6-controlled genetic pathways, respectively (Schuurmans et al., 2004 ) (for review, see Guillemot et al., 2006) . Notably, however, recent evidence from analyses of Pax6 ϩ/ϩ /Pax6 Ϫ/Ϫ chimeric mice have revealed a cell-autonomous role for Pax6 in the regulation of progenitor exit from mitosis during early neurogenesis, but the affected IGL neuronal lineages have not yet been identified (Quinn et al., 2007) .
The neurons of each distinct cortical layer originate from pallial progenitors during embryogenesis [embryonic day 10 (E10) to E17 in mouse] (Takahashi et al., 1999) , but they reach their final location, defined by their intrinsic identity, only after birth [postnatal day 8 (P8) in mouse]. Thus, the early prenatal lethality observed in Pax6/Small eye homozygous (Sey/Sey) mutants precludes a direct analysis of the role Pax6 plays in acquiring neuronal layer identity and hampers our understanding of the mechanisms that underlie the neurological deficiencies caused by Pax6 insufficiency in humans. To investigate Pax6 functions in the generation of cortical-layer diversity, we studied the cortical patterning of juvenile and adult cortical organization in viable Pax6 conditional knock-out (KO) mice. Intriguingly, removal of Pax6 during late neurogenesis does not affect SGL generation. However, the absence of Pax6 at the onset of neurogenesis leads to the expansion of specific neuronal lineages of the marginal zone (MZ) and IGLs, and ultimately to depletion of the progenitor pool available for late neurogenesis of SGLs and more active perinatal oligodendrogenesis. We further demonstrate that the misbuilding of the neocortex during development leads to profound neurological and memory deficits that parallel the disabilities reported in aniridia patients with Pax6 haploinsufficiency, suggesting that the severe SGL depletion might be the underlying basis for the memory deficiencies observed in humans.
Materials and Methods

Animals. A description of the generation of Pax6
flox , EMX1 IRES-Cre , and hGFAP-Cre mice has been published previously (Ashery-Padan et al., 2000; Zhuo et al., 2001; Gorski et al., 2002) . Mice were maintained in a C57BL/6J background. Animal handling was conducted with the permission of the Bezirksregierung Braunschweig in accordance with the German Animal Protection Law.
Antibodies. See supplemental Experimental Procedures (available at www.jneurosci.org as supplemental material).
In situ hybridization. Nonradioactive in situ hybridization was performed on 16 m sections from embryonic, postnatal (P10), or adult brains fixed in 4% paraformaldehyde and cryoprotected according to Moorman et al. (2001) . The radioactive in situ protocol used is that of Stoykova and Gruss (1994) .
Immunohistochemistry. Immunohistochemical procedures using a combination of peroxidase antiperoxidase and ABC techniques, as shown in Figures 2, A and AЈ, 5A-EЈ, and 6 A-BЈ, were performed as described previously (Davidoff and Schulze, 1990) . For immunofluorescence, sections were incubated overnight with primary antibody at 4°C after blocking with normal sera of the appropriate species. Primary antibodies were detected with a fluorescent secondary antibody (Alexa Fluor; 1:400; Invitrogen). Sections were later counterstained with Vectashield mounting medium containing 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Vector Laboratories) to label nuclei.
5-Bromo-2Ј-deoxyuridine labeling. Pregnant mice were injected with 5-bromo-2Ј-deoxyuridine (BrdU) (140 g/g). For pulse labeling of IGL neurons, pregnant mice were injected at E12 and embryos were fixed at E15. SGL neurons were pulse labeled by injecting pregnant mice at E16.5 (time of peak SGL generation) or E18.5 (time dominated by L2-L3 generation). Newborns of injected mice were killed at P10. Cell cycle exit was analyzed by injecting pregnant mice at E13 and fixing embryos at E14.
Image analysis. See supplemental Experimental Procedures (available at www.jneurosci.org as supplemental material).
Behavioral tests. Three-month-old mice were evaluated using a battery of behavioral tests, including elevated plus maze, open field, rotarod, hot plate, tail flick, prepulse inhibition, buried food finding, and contextual and cued-fear conditioning. Tests were performed in the same order as listed above. Male mice (14 mutants and 15 wild type) were used for testing. In addition, two separate cohorts of animals (12 mutants and 11 wild-type mice each) were used to test remote memory for cued fear and extinction of cued fear. All testing was done in a sound-attenuated room between 9:00 A.M. and 5:00 P.M. Mice were group housed with ad libitum access to food and water with a 12 h light/dark cycle (light phase onset at 7:00 A.M.).
For details, see supplemental Experimental Procedures (available at www.jneurosci.org as supplemental material).
Results
Pax6 modulates neurogenesis of the Reelin؉ sublineage of the MZ
The neurons of the PPL (preplate) are the earliest-born neurons in the developing cortex (E10 in mouse), and subsequently separate into MZ and subplate (SP) (Bayer et al., 1991) . The MZ is predominantly comprised of Reelinϩ Cajal-Retzius (CR) cells, the majority of which also exhibit Calretinin and Tbr1 immunoreactivity (Hevner et al., 2003b) . Previous data indicated that, in the absence of Pax6, the MZ of the Sey/Sey embryonic cortex contains an increased number of Reelinϩ/Calretininϩ neurons, which possibly originate from the remnant vesicles of the missing olfactory bulbs (OBs) (Stoykova et al., 2003) . To determine whether the expression of Pax6 in cortical progenitors could intrinsically influence the generation of MZ neurons, we analyzed the MZ in cortex-specific conditional Pax6 mutant (Pax6 fl/fl ; Emx1-Cre) (Piñon et al., 2008 ) (designated thereafter Emx1-Cre/ Pax6cKO), which have normally developed olfactory bulbs (Piñon et al., 2008) . Quantitative analysis of the Reelin-, Calretinin-, and Tbr1-expressing cells was conducted by immunolabeling at E15.5, because Reelin expression diminishes after birth. In the MZ of Emx1-Cre/Pax6cKO, the numbers of all three types of neurons were significantly elevated: Reelinϩ cells increased from 15.5 Ϯ 1.2 cells/field to 25.2 Ϯ 1.7 cells/field ( p ϭ 0.020; n ϭ 4 mice/genotype); Calretininϩ cells increased from 15.8 Ϯ 2.3 to 24.5 Ϯ 2.4 cells/field ( p ϭ 0.019; n ϭ 4 mice/genotype); and Tbr1ϩ cells increased from 24.8 Ϯ 1.8 to 36.2 Ϯ 1.6 cells/field ( p ϭ 0.017; n ϭ 4 mice/genotype) ( Fig. 1 A, AЈ , B, BЈ,C,CЈ) . Consistent with data indicating that most Reelinϩ cells in the MZ are also Tbr1ϩ (Hevner et al., 2003b) , the number of neurons expressing both Tbr1 and Reelin was significantly increased (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Thus, in Pax6 deficiency, the pallial RGPs apparently generate an enhanced number of Reelinϩ/Calretininϩ/Tbr1ϩ neurons in the MZ by a cell-autonomous mechanism. In agreement with previous reports that the Emx1-Cre line drives effective recombination at a time early enough in embryogenesis to allow investigation of the neurogenesis of preplate neurons (Gorski et al., 2002; Li et al., 2003) , we found that Calretininϩ cells were almost missing at SP location in the mutant cortex, which was especially evident in rostral neocortex ( Fig. 1 B, BЈ) . The Reelinϩ cells of the MZ are progeny of the Emx1-Cre line cell lineage (Gorski et al., 2002) . Interestingly, the Reelinϩ cells in the MZ and a subset of L5 neurons that express the ETS transcription factor Er81, have been shown to have a common ancestor (Shen et al., 2006) . We have previously demonstrated that the Er81 gene is a downstream target of Pax6 in pallial progenitors (Tuoc and Stoykova, 2008a) . As expected, cortical expression of Er81 in the VZ of Pax6 fl/fl ;Emx1-Cre mice was fully abolished (Fig. 1 D, DЈ) ; however, there was a strikingly thick band of Er81ϩ cells in the SVZ/intermediate zone (IZ) connected to OB (see Fig. 4 E, EЈ) . Together, these findings strongly suggest that, in the absence of Pax6, the Reelinϩ/Er81ϩ lineage generates an enlarged set of Reelinϩ/Calretininϩ/Tbr1ϩ neurons, possibly at the expense of Er81ϩ L5 neuronal progeny.
Pax6 controls the size of specific IGL neuronal lineages
The role of Pax6 in specification of IGL sublineages was controversial. Analyses of the molecular patterning of IGLs in Sey/Sey embryos did not reveal substantial abnormalities (Stoykova et al., 2000; Tarabykin et al., 2001; Schuurmans et al., 2004 ). In contrast, premature cortical neurogenesis at early developmental stages was documented in Pax6-deficient embryos (EstivillTorrus et al., 2002; Quinn et al., 2007) , suggesting that Pax6 may also play a role in the generation of lower-layer neurons. To determine the role of Pax6 in the formation of IGL neuronal lineages, we analyzed expression of markers, indicative of lower and upper neuronal subtypes in Emx1-Cre/Pax6cKO mutant and control brains at stage P10, a time when neuronal migration is completed, for expression of a panel of markers for lower-and upper-neuronal subtypes. Immunohistochemical analysis of the neuron-specific enolase (NSE), revealed a clearly enhanced presence of large L5 pyramidal neurons, as well as a retention of NSEϩ cells in the subcortical white matter above the hippocampus (Hi) (see Fig. 3 A, AЈ, arrows) . Similarly, transcripts for the vesicular glutamate transporter 1 (Vglut1), which is expressed in all glutamatergic neurons, were detected in a thicker band of L5 neurons ectopically located at the uppermost position in the mutant cortical plate (CP) (see Fig. 3 B, BЈ). Vglut1ϩ cell aggregates were also detected within the subcortical white matter, which also contains fibers of the radiatio corporis callosi (see Fig. 3 B, BЈ, arrows), the hippocampal SVZ and the posterior periventricular (pPV) zone (data not shown). These findings suggested that augmented set of IGLs are present in the juvenile Emx1-Cre/ Pax6cKO cortex.
We next wanted to investigate whether specific IGL neuronal sublineages were affected in the Emx1-Cre/Pax6cKO mice. At early postnatal stages, expression of the transcription factor Tbr1 is high in L6 neurons and low in L5 neurons (Bulfone et al., 1999; Hevner et al., 2003a) , whereas Ctip2, encoding a zinc-finger protein, is exclusively expressed in L5 neurons, labeling all corticospinal projection motor neurons (CSMNs) . Colabeling of brain sections with antibodies for Tbr1 and Ctip2 at P1 (Fig. 2C-GЈ) showed an increase in these two IGL neuronal subpopulations in the mutant particularly evident in the rostral cortex. Counting of immunopositive cells in equally sized fields, spanning the entire thickness either of layer 6 (for Tbr1) or layer 5 (for Ctip2), revealed a significant increase of both lineages in the mutant compared with paired control brains ( Fig.  2C-GЈ) . The number of Tbr1ϩ L6 neurons per field was 367 Ϯ 12 in controls and 410 Ϯ 11 in mutants ( p ϭ 0.012; n ϭ 3 mice/ genotype) in the dorsal pallium (DP), and 174 Ϯ 14 in controls and 152 Ϯ 12 in mutants ( p ϭ 0.125; n ϭ 3 mice/genotype) in the lateral pallium (LP). The number of Ctip2ϩ L5 neurons per field was 126 Ϯ 12 in controls and 183 Ϯ 7 in mutants ( p ϭ 0.0005; n ϭ 3 mice/genotype) in the DP, and 87 Ϯ 6 in controls and 114 Ϯ 8 in mutants ( p ϭ 0.009; n ϭ 3 mice/genotype) in the LP. In contrast, the expression of the transcription factor, Satb2, known to control the expression of Ctip2 (Alcamo et al., 2008; Britanova et al., 2008) , was substantially diminished in Emx1-Cre/Pax6cKO brains ( Fig. 2 B, BЈ) .
To further address the production of neurons occupying the L5 laminar position, we characterized the expression of genes considered to be markers for L5 neuronal subsets. Expression of the transcription factor forebrain embryonic zinc finger-like (Fezl ), which is normally expressed in almost all layer 5 CSMNs , was expanded in the Emx1-Cre/ Pax6cKO cortex (Fig. 3C,CЈ) . Similarly, expressions of the transcription factors, Id2 (Fig. 3 D, DЈ) , and Lmo4 (see Fig. 5 B, BЈ), were much more broadly distributed in L5 neurons in the mutant. Interestingly, the region expressing the LIM-HD transcription factor cofactor, Clim1a, which is normally restricted only to a deeper portion of L5 (Bulchand et al., 2003) , was markedly enlarged in both juvenile ( Fig. 3 E, EЈ) and adult 8-month-old mutant brains (Fig. 3 F, FЈ) . Moreover, double immunostaining for Clim1/Lbd2 and NeuN revealed a significant increase in the number of Clim1ϩ/NeuNϩ neurons in the adult Emx1Cre/ Pax6cKO mice (supplemental Fig. 2 , available at www.jneurosci. org as supplemental material). The broader expression of Clim1a in L5 observed in the mutant brain is intriguing because Clim1a and the transcription factor Lhx2 are expressed in a complementary manner in IGLs and SGLs, suggesting a mutual cross-regulation between these genes (Bulchand et al., 2003) . Notably, we detected large gaps in the Lhx2-positive lineages in the rostral Pax6cKO cortex at prenatal (E17.5) and juvenile stages (supplemental Fig. 3A -BЈ, available at www.jneurosci.org as supplemental material). Additional experiments will be needed to clarify whether these genes exert mutual control over one another via a Pax6-dependent mechanism.
It is important to notice that the expression of transcription factor Otx1, another L5 neuronal maker, was not changed in absence of Pax6 in VZ of embryonic Sey/Sey cortex (Tarabykin et al., 2001) . Similarly, the expression of both, Otx1 (data not shown) and Nurr1a, a marker for L6a neurons, appeared unchanged in the juvenile cortex of Emx1-Cre/Pax6cKO (supplemental Fig. 3C ,CЈ, available at www.jneurosci.org as supplemental material). Collectively, these results suggest that Pax6 could selectively modulate the size of distinct IGL neuronal sublineages. Ϫ/Ϫ progenitors exit prematurely from the mitotic cycle, thus affecting differentiation of the early arising, lower-layer neurons (Quinn et al., 2007) . Because mitotic cycle parameters are dependent on thalamocortical connectivity (Dehay and Kennedy, 2007) , showed to be abnormal in Pax6LOF mutants , we reinvestigated whether Pax6 autonomically controls progenitor cell cycle exit using cortical samples from Emx1-Cre/Pax6cKO and control embryos. After extended BrdU pulse labeling, cells that reenter mitosis are much more lightly labeled than postmitotic cells (Roy et al., 2004; Cubelos et al., 2008) . To test the timing of cell cycle exit, we injected pregnant mice of both studied genotypes with BrdU at E13.0 and tested BrdU incorporation 24 h later. As shown in Figure 4 A-CЈ, the number of brightly labeled BrdUϩ cells in equally sized fields, spanning the entire thickness of the CP, was significantly greater in the DP of mutant mice (61 Ϯ 1.3 cells/ field) than in controls (22 Ϯ 2 cells/field; p ϭ 0.019; n ϭ 3 mice/ genotype). Furthermore, the percentage of brightly stained BrdUϩ cells among all DAPI-stained cells was significantly higher in the mutants (29.84 Ϯ 4.34%) than in controls (12.6 Ϯ 1.1%; p ϭ 0.016; n ϭ 3 per genotype), a difference that was particularly striking in the SVZ/IZ region (Fig. 4 , histogram, bins 2-9). Consistent with previous data for Pax6-deficient embryos Quinn et al., 2007) , we found that the number of cells in mitosis, labeled by an anti-phosphohistone H3 antibody, was significantly increased in the SVZ/IZ region of the mutant cortex, but remained similar to that of the control at the ventricular surface (Fig. 4 E, EЈ,F ) . To further investigate whether the changed pattern of progenitor proliferation in Emx1-Cre/Pax6cKO mice affects early-born lineages, we performed BrdU labeling of pregnant mice at the peak of IGL neurogenesis (E12.5) and analyzed the number of Tbr1ϩ L6/L5 neurons that reached the CP 72 h later. Quantification of cells double immunolabeled for Tbr1 and BrdU revealed a significantly higher proportion of BrdUϩ/Tbr1ϩ neurons in mutant compared with control mice (supplemental Fig. 4 , available at www.jneurosci. org as supplemental material).
Premature early neurogenesis in the cortex of
Together, these findings suggest that, instead of reentering mitosis, a larger proportion of early RGPs in the Pax6-deficient cortex undergo neurogenic division to generate IGL neurons and surplus of IPs, thus increasing the early-born IGL neuronal identities (e.g., Clim1aϩ L5a, Tbr1ϩ L6, Ctip2ϩ L5, Fezlϩ L5).
Absence of Pax6 causes SGL dysgenesis but does not affect the specification of upper-layer neuronal fate
It has been previously proposed that the embryonic Sey/Sey mutant cortex is depleted of SGL neurons because of migratory defects (Carić et al., 1997) . Here, we reinvestigated how the loss of Pax6 at the onset of neurogenesis influences the cortical patterning in the juvenile Emx1-Cre/ Pax6cKO and control mice, and thus alters the final allocation of the neurons in SGLs.
Immunostaining for NeuN revealed a substantial reduction of SGLs in the Emx1-Cre/Pax6cKO cortex (Fig. 5 A, AЈ) . Expression of Lmo4 was nearly absent in the upper layers of the rostral cortex in Pax6cKO but showed broader expression within the L5 domain (Fig. 5 B, BЈ) . The laminar organization was further assessed by analysis of the expression of several layer-specific genes: RZR␤ for L4 (Schaeren-Wiemers et al., 1997) , and EphA4 (Nakagawa et al., 1999) , Cux1, Cux2 (Zimmer et al., 2004) , and Svet1 (Tarabykin et al., 2001 ) for L4 -L2. In the Emx1-Cre/Pax6cKO cortex, the expression of RZR␤, EphA4 (Fig.  5C ,CЈ, D, DЈ), and Svet1 (supplemental Fig. 3 D, DЈ , available at www.jneurosci. org as supplemental material) was reduced; Cux2 (Fig. 5 E, EЈ) and Cux1 (data not shown) transcripts were undetectable.
To test the migratory ability of SGL neurons in the postnatal Pax6cKO cortex, we performed BrdU pulse labeling at E16.5 during the peak SGL generation and at E18.5, when L3-L2 are still actively being generated ( Fig. 5F-GЈ) . At both stages, there was a severe depletion of SGLs in the mutant, and the germinal epithelium (GE) contained significantly more BrdUϩ cells. Notably, none of the SGL genes were detected to be expressed ectopically in SGL in the Emx1-Cre/ Pax6cKO cortex at P10 or even 3 months after birth, either in ectopic lower positions of the CP or in the augmented GE at the pallial-subpallial border (PSPB) (data not shown). These findings rule out misallocation of correctly differentiated SGL neurons in the Pax6cKO cortex.
To directly determine whether Pax6 has a role in the differentiation of late RGs into SGL neuronal identities, we produced Pax6 conditional KO mice using the hGFAP-Cre transgenic line (Zhuo et al., 2001 ). The hGFAP-Cre line has been shown to drive effective recombination in almost all Pax6ϩ/RG progenitors in the developing cortex starting at stage E13.5 (Malatesta et al., 2003) . Indeed, a Western blot analysis of samples isolated from the cortices of E14.5 and E16.5 embryos (i.e., at peak SGL neuronal production) indicated that residual Pax6 expression in Pax6 fl/fl ; hGFAP-Cre mutant mice (named thereafter hGFAP-Cre/Pax6cKO) was reduced to 28 and 15.3% that of control mice at E14.5 and E16.5, respectively (supplemental Fig. 5 , available at www. jneurosci.org as supplemental material). We also assessed the expression of Tbr1 in both IGLs and SGLs, and the expression of Cux1 and Ctip2 in SGLs and IGLs, respectively, in sections from P10 mutant and control brains. Intriguingly, the elimination of Pax6 function after the generation of IGL neurons did not affect either the specification or the number of the resulting SGL neuronal lineages. During the progression of neuronal differentiation, Pax6 expression strongly declines after E14.5 at both the transcriptional and translational level (Tuoc and Stoykova, 2008b) . Together, these findings suggest that the low level of Pax6 in late RGPs does not play an important role in the specification of SGL versus IGL neuronal fate.
Defects in differentiation of late-prenatal and postnatal RG progenitors in Emx1-Cre/Pax6cKO mutant The brain of the juvenile (P10) Emx1-Cre/Pax6cKO mouse contains dense cell masses at the PSPB (Piñon et al., 2008) . These large cell protrusions were strongly labeled by the subpallial markers, Dlx1 (Fig. 6 D) and Arx (Fig. 6 H, HЈ) , reflecting the ventralization of the cortical neuroepithelium in Pax6 LOF mutants (Stoykova et al., 2000; Yun et al., 2001; Kroll and O'Leary, 2005 ) (see also supplemental Fig. 6 A, AЈ, available at www. jneurosci.org as supplemental material). As a consequence, the fronto-orbital, frontal, and the somatosensory cortices of Emx- Cre/Pax6cKOs mice contain enlarged sets of GABAergic INs of both Arxϩ and GAD67ϩ types (Fig. 6 H, HЈ, I, IЈ) .
Late RGPs (E16 -E19) generate SGL neurons, astrocytes, and oligodendrocytes, whereas a small subset of RG maintains progenitor properties even during early postnatal stages (Levers et al., 2001) . Immunostaining for Nestin and GFAP, two markers for progenitors within the PSPB and rostral migratory stream (RMS) of the adult brain, revealed an excess of Nestinϩ progenitors (Fig. 6 A, AЈ) and GFAPϩ astrocyte-like cells (Fig.  6 B, BЈ, J , JЈ, arrow) in Emx1-Cre/Pax6cKO mice. The thickness of the RMS was enlarged in the mutant brain and the RMS expressed abundantly the stem cell marker, Musashi1 (Msi1) (Fig.  6C) . The vast majority of cells in the aggregates at the PSPB in Emx1-Cre/Pax6cKO were positive for Doublecortin (Dcx), a marker for immature neurons (Fig. 6 E) , and contained an increased number of actively proliferating cells at the pallial site (Fig. 6 F, arrow) (data not shown). Double immunostaining for Ki67 and Dcx (Fig. 6G) revealed that many cells exhibited simultaneous nuclear Ki67 and cytoplasmic Dcx staining, suggesting that progenitor/stem-like cells accumulated at the PSPB in Pax6cKO mice are capable of undergoing differentiation, at least to the immature neuron stage.
In addition to staining astrocytes with stem cell properties within the SVZ/RMS (Doetsch et al., 1999) , the GFAP antibody also labels differentiated cortical parenchymal astrocytes, which are normally evident at E18.5 in the uppermost CP (Choi, 1988) . The juvenile cortex of Emx1-Cre/Pax6cKO mice exhibited a clear reduction in GFAPϩ parenchymal astrocytes compared with controls ( Fig. 6 J, JЈ, arrowhead) , a finding that was also confirmed in the adult Emx1-Cre/Pax6cKO brain (data not shown). A significant fraction of cortical oligodendrocytes are defined by the expression of Olig1/Olig2 at E13.5 in the GE of the ventral forebrain, from which they migrate to the CP to participate in myelination of the gray matter (Nishiyama et al., 1996; Takebayashi et al., 2000) . In contrast to GFAP, the transcription factor Olig1, a marker for developing and adult oligodendrocytes , labeled a much thicker band of cells in the Emx1-Cre/Pax6cKO cortex (Fig. 6 K, KЈ) . Interestingly, a much thicker band of cells positive for myelin basic protein (MBP) antibody, a marker for mature oligodendrocytes, was observed at such uppermost position in the adult cortex of Emx1-Cre/Pax6cKO mice (Fig. 7G,H ) , suggesting an increase of oligodendrogenesis in the Pax6-deficient brain. To study whether the prenatal RGPs in Emx1-Cre/Pax6cKO mice also have an enhanced capacity to generate oligodendrocytes, we performed BrdU pulse labeling at stage E18.5, and double immunostained sections from mutant and control P10 brains using antibodies for BrdU and S100␤ protein. In early postnatal mouse telencephalon, S100␤ is preferentially expressed in oligodendrocyte progenitors and maturat- ing oligodendroglial cells (Deloulme et al., 2004; Hachem et al., 2005; Raponi et al., 2007) . The Emx1-Cre/Pax6cKO cortex showed more S100␤ϩ/BrdUϩ cells at the uppermost position (378 Ϯ 52 cells/mm 2 ) compared with the control brains (133 Ϯ 41 cells/mm 2 ; p ϭ 0.0028; n ϭ 3 mice/genotype) (data not shown), suggesting that, in the absence of Pax6, late RGs preferentially generate oligodendrocytes. In additional support of this conclusion, we found, in the GE at the PSPB and the cortical parenchyma of Emx1-Cre/Pax6cKO mice, an enlarged set of cells positive for PLP/DM20 (Fig. 6 L, LЈ) . PLP/DM20 is a marker that faintly stains a second wave of distinct oligodendroglial lineage cells around E18.5 and increasingly after birth (Ivanova et al., 2003) . Together, our findings indicate that, in the absence of Pax6 at the onset of cortical neurogenesis, the diminished pool of late RGPs fails to differentiate into SGL neuronal lineages beyond the immature neuron stage. Instead, the accumulated progenitors in GFAP (B, B) , and probing for expression of Musashi1 (Msi1) by in situ hybridization (C) indicates that the RMS in the Emx1-Cre/Pax6cKO cortex contains more progenitor/stem-like cells. D, H, H, At the rostral-most levels, the enlarged GE makes ventricular protrusions that are heavily labeled by in situ probes for Dlx1 (D) and Arx (H, H), two markers for GABAergic interneurons. In F, note that a portion of the accumulated progenitors at the pallial side of the PSPB are mitotically active, as indicated by labeling with the proliferative marker, Ki67, whereas the majority of accumulated cells at the PSPB are doublecortinpositive (Dcx) (E). G, A high-magnification image of Dcx/Ki67 double staining shows a double-labeled cell with a DAPI overlay. I, I, The rostral cortex of Emx1-Cre/Pax6cKO mice is abundantly populated by GAD67ϩ interneurons. J, J, Immunostaining for GFAP reveals a severely diminished number of parenchymal astrocytes at the uppermost position of the neocortex (arrowhead) in the mutant compared with the control brain. In contrast, an excess of GFAPϩ astrocyte-like cells is seen in RMS (arrow). K, K, In situ hybridization analysis of Olig1 expression reveals an enhanced signal in a band of cells below layer 1 (arrow) and within the CC (arrowhead) in the mutant. L, L, Cross sections from P10 control and mutant brains hybridized with an in situ probe for PLP/DM20 illustrating that the thick GE at the PSPB and the neocortex contain an enhanced number of PLP/DM20ϩ oligodendrocytes in the Emx1-Cre/Pax6cKO mice. Scale bars: E, 200 m; F, J (for J, J), 100 m.
the pallial GE seem to produce, even at postnatal stages, an excess of interneurons and oligodendrocytes.
Morphological disturbances in the cortex of the mature Emx1-Cre/Pax6cKO mice We next investigated whether the layer-specific abnormalities detected in juvenile Emx1-Cre/Pax6cKO mice are preserved in the adult (3 months of age) cortex. Consistent with the observed abnormalities at P10, the SGLs were severely attenuated at all rostrocaudal levels of the adult mutant brain, but were much more severely affected rostrally (Fig. 7 A, AЈ, B, BЈ) . At a superficial location, the cortex of adult Emx1-Cre/Pax6cKO mice contained an enlarged population of Tbr1ϩ and Ctip2ϩ IGL neurons with the appearance of big pyramidal neurons (Fig.  7 D, DЈ, E, EЈ) . In addition, labeling for the neurofilament, Smi-32, revealed extensive branching of the apical dendrites of these pyramidal neurons (Fig. 7C,CЈ) .
Consistent with the severe underrepresentation of SGLs, which contribute mostly to the interhemispheric connections, the corpus callosum (CC) of the mutant was underdeveloped, with loosely distributed MBPϩ myelinated fibers (Fig. 7 F, FЈ) and incorporated cells ( A, AЈ, arrows) . The fronto-orbital cortical GE exhibited an abundant accumulation of small, dark cells (data not shown). Interestingly, the hippocampus of the mutant appeared enlarged, with a thicker pyramidal layer (supplemental Fig. 7 A, AЈ, B , BЈ, available at www.jneurosci.org as supplemental material), and the pPV above the hippocampus contained a dense population of pyramidal-like cells that seemed to migrate toward the CA1 region (supplemental Fig. 7BЈ , arrows, available at www. jneurosci.org as supplemental material). In addition, a number of cell aggregates located above the hippocampus were GADϩ and established synaptic contacts with the CA1 region of the hippocampus (supplemental Fig.  7D -G, available at www.jneurosci.org as supplemental material).
Because the Cre activity driven by the Emx1-Cre line extends to later developmental stages in some progenitors of the lateral and ventral pallium (Gorski et al., 2002) , we studied the specification of the main amygdala nuclei. Judging from the pattern of Lmo3 and Clim1a expression in the lateral and basolateral nucleus, which was indistinguishable in animals of both genotypes, these amygdalar components appeared to be mostly normal in adult Emx1-Cre/Pax6cKO brains (supplemental Fig. 7 I, IЈ , J, J, available at www.jneurosci. org as supplemental material). However, the pyriform cortex in the mutant brain was severely underdeveloped (supplemental Fig. 7 H, HЈ, J, JЈ, available at www. jneurosci.org as supplemental material).
Emx1-Cre/Pax6cKO mice are impaired in behavioral tasks that require sensory-motor integration
Intrigued by the nearly complete absence of neurons of the upper-cortical layers in Emx1-Cre/Pax6cKO mice, we examined the behavioral phenotype of 6-month-old mutants and littermate controls. Despite the severe brain morphology disturbances, the overt behavior of Pax6cKO mice was indistinguishable from that of control mice in the home cage. Emx1-Cre/Pax6cKO mice also had normal body weights and exhibited no gross abnormalities in preliminary tests of muscle strength, vision, and hearing (data not shown).
Behavioral differences were noted, however, when the mice were tested for specific behavioral tasks. Emx1-Cre/Pax6cKO mice demonstrated a decreased locomotor activity in the openfield exploration test (Crawley, 1999) , traveling a significantly smaller distance than control animals ( p Ͻ 0.05) (Fig. 8 A) . The time spent in the central and peripheral zone of the open field by the two groups was equivalent, suggesting that the Emx1-Cre/ Pax6cKO mice have normal exploratory behavior, with no change in fear-or anxiety-related behavior. We also used the elevated plus maze, an additional test of anxiety that is based on the conflict between the desire to explore a novel environment and the aversion to a brightly lit, open space (Pellow et al., 1985; Lister, 1987) . Both Emx1-Cre/Pax6cKO and control mice explored the open arms equally in these assays (Fig. 8 B) . Because we did not detect differences in anxiety between Pax6cKO mice and controls, we concluded that the observed decrease in the locomotor activity would be a consequence of a deficiency in the motor performance. Indeed, mutant mice showed a significantly shorter latency-to-fall in the rotarod test ( p Ͻ 0.05) (Fig. 8C) , indicating a motor balance and/or coordination deficit.
We next used the hot-plate test to evaluate sensorimotor integration at the cortical level (Pastoriza et al., 1996) . In this test, which is frequently used to measure pain thresholds, the mouse is placed on hot surface and the latency of the defensive response (i.e., jumping or licking of the hindpaw) is measured. Emx1-Cre/ Pax6cKO mice showed a significantly slower defensive behavior response compared with littermate controls ( p Ͻ 0.05) (Fig.  8 D) . Responses to the tail flick test, which measures pain sensitivity at the level of spinal cord nociception and does not require the cerebral cortex, were similar in both mutant mice and littermate controls (data not shown). Together, these findings indicate that Emx1-Cre/Pax6cKO mice have a cortical-level deficit in the integration of sensory and motor information.
Impairment of conditioned-fear memory in
Emx1Cre-Pax6cKO mice The profound architectural defects in the cortex and hippocampus of Emx1-Cre/Pax6cKO mice implicated the possibility of defects in memory formation. After applying several experimental paradigms, we found that mutant mice showed impaired performances of different types of conditioned-fear memory. In one type of such tests, the animals have to learn to associate a defined context with an electroshock through contextual fear conditioning. When placed back in the same context, the rodents react by freezing, even in the absence of an aversive stimulus (Fanselow, 2000) . When tested 24 h after the conditioning, the Pax6cKO mice showed a significant reduction in the freezing behavior (Fig.  8 E) ( p Ͻ 0.05), indicating a deficit in the recent memory of the learned association. Contextual fear conditioning is dependent on the function of both the amygdala and the hippocampus (Phillips and LeDoux, 1992) . To investigate whether these structures were differentially involved in the observed recent-memory deficits in the mutants, we used hippocampus-independent auditory-cue conditioning. In this test, the animals learn to associate a conditioned stimulus (tone) with an aversive unconditioned stimulus (electroshock), thus enabling amygdaladependent fear response to be elicited by exposure to the conditioned stimulus only. We found no differences in the freezing behavior after presentation of the conditioned stimulus between the Pax6cKO mice and controls (Fig. 8 E) , indicating that the observed contextual recent-memory deficit does not depends on amygdala function, but involves a dysfunction of hippocampus. Given the severe malformation of the cortex of the mutant cortex, we tested the Emx1-Cre/Pax6cKO mice for remote memory recall 31 d after the conditioning, a capability that depends on the structural integrity of the cortex (Frankland et al., 2004) . Notably, the Emx1-Cre/Pax6cKO mutant mice exhibited a significantly lower level of freezing behavior with both context and auditory-cue conditioning ( p Ͻ 0.05) (Fig. 8 F) .
Pax6cKO mice show a diminished performance in prefrontal cortex-dependent behavioral tasks
The extinction of the conditioned-fear memory depends on an intact prefrontal cortex (Quirk et al., 2006) . Considering the diverse morphological defects of the prefrontal/frontal cortex of the Emx1-Cre/Pax6cKO mice, we expected that these mice would exhibit deficits in tasks for extinction of conditioned-cued memory. This behavior manifests as a reduction in the freezing response after repeated exposure to the conditioned stimulus (tone) alone. Mutants exhibited a significantly slower extinction of conditioned-fear memory than did control mice ( p Ͻ 0.05) (Fig. 8G) .
Prepulse inhibition of the startle response characterizes sensorimotor gating, which is another form of behavior that requires intact prefrontal cortex function (for review, see Koch and Segev, 2000) . However, measurement of prepulse inhibition revealed no significant differences between Emx1-Cre/Pax6cKO and control animals ( p Ͼ 0.05) (Fig. 8 H) , indicating that only selected prefrontal cortex-dependent behaviors are disturbed in Pax6cKO mice.
Together, these series of experiments indicate that ablation of Pax6 function at the onset of cortical neurogenesis causes deficits in prefrontal cortex-dependent sensorimotor integration and extinction of memory, hippocampal-dependent short-term contextual memory, and neocortex-dependent remote memory recall. Thus, the developmental regulator Pax6 plays a role in establishing cortical circuits that underlie behavioral and cognitive functions.
Discussion
Pax6 controls distinct neural subprograms during corticogenesis
Here, we provided new as well as conclusive supporting evidence indicating that Pax6-dependent mechanisms control the generation of distinct neural sublineages of the MZ, IGLs, and SGLs in the developing cortex and possibly after birth.
In the absence of Pax6, the number of Reelinϩ/Calretininϩ cells in the MZ of Sey/Sey mutant progressively increases during embryogenesis based on a non-cell-autonomous mechanism that appears to include migration of Reelin-and Calretinin-positive cells accumulated in the OB remnants located in the lateral telencephalon (Jiménez et al., 2000; Stoykova et al., 2003) . Because the Emx1-Cre line does not drive inactivation of the early expression of Pax6 in the olfactory placode, Emx1-Cre/Pax6cKO mice have differentiated OBs at a normal location. Despite this, the number of Reelinϩ, Calretininϩ, and Tbr1ϩ cells in MZ was significantly augmented in these mutants. Several lines of evidence indicated the existence of a common progenitor pool in cortical VZ, capable of generating neurons of both Reelinϩ CR and early-born neuronal lineages of the CP. Thus, expression of the transcription factor, Foxg1, stimulates RG cells to acquire a Reelinϩ CR fate while suppressing the production of CP neurons (Hanashima et al., 2004) . Notably, Reelinϩ CR cells are descendents of the Emx1-Cre progenitor lineage (Gorski et al., 2002) , and clones of early (E10 -E11) cortical progenitors contained both Reelinϩ CR and IGL neuronal sets, including the Er81ϩ L5 neuronal lineage (Shen et al., 2006) . Together with the observation that Er81 is a direct downstream target of Pax6 (Tuoc and Stoykova, 2008a) , these findings strongly suggest that Pax6 might intrinsically regulate the neuronal subtype that arises from the Reelinϩ/Er81ϩ lineage of the developing cortex.
During cortical neurogenesis, Pax6 is expressed at high and low level in the early and late RG progenitors, respectively (Tuoc and Stoykova, 2008b) , showing a rostrolateral-high to caudomedial-low gradient. Here, we provided novel evidence indicating that generation of SGL neurons is severely affected only if Pax6 is inactivated at the onset of corticogenesis (Emx1-Cre/ Pax6cKO mice), whereas later inactivation of Pax6 (hGFAP-Cre/ Pax6cKO mice) does not affect the specification or the number of SGL neurons, suggesting that cortical progenitors at different stages have different requirements for Pax6. In this line of evidence, previous data indicated that overexpression of Pax6 in vivo affected the RG proliferation and caused progenitor apoptosis only during early neurogenesis (Berger et al., 2007) . Notably, the expansion of IGLs and the reduction of SGL neuronal sets observed in Emx1-Cre/Pax6cKO mice was predominant in the rostral cortex, which correlates with a severe diminishing of the motor area size in these mutants (Piñon et al., 2008) . We propose, therefore, that Pax6 deficiency, with failure in progenitor cell cycle progression at the onset of cortical neurogenesis, causes both laminar and area disturbances of the mature rostral cortex.
It is well known that cortical neurons in the mouse are generated over 11 cell cycles during the period E11-E17 (Takahashi et al., 1999) . Initially, symmetric divisions of early RGs lead to the expansion of the early progenitor pool (Rakic, 1988) . The neuronal diversity of cortical layers arises from sequential apical asymmetric differentiative divisions of Pax6ϩ RG cells (McConnell, 1985 (McConnell, , 1988 Walsh and Cepko, 1988) , whereas symmetric division of intermediate progenitors in the SVZ and basal VZ multiplies the generated temporal neuronal identities (Kriegstein et al., 2006; Kowalczyk et al., 2009) . The role of Pax6 in direct versus indirect (through IPs) neuronogenesis in the developing cortex is still not clear. Emx1-Cre-mediated Pax6 inactivation starting at E9.5 (Gorski et al., 2002) did not affect the molecular specification of IGL subtypes, except for the Er81ϩ L5 neurons, but it caused an increase in at least six IGL neuronal sets: Tbr1ϩ L6, Ctip2ϩ L5, Fezlϩ L5, Clim1aϩ L5, Lmo4ϩ L5, and Id2ϩ L5.
Premature exit from mitotic cycle and differentiation of Pax6 Ϫ/Ϫ progenitors has been reported for Pax6 ϩ/ϩ /Pax6 Ϫ/Ϫ chimeric mice (Quinn et al., 2007) and Small eye mice (Estivill-Torrus et al., 2002) . In agreement with these findings, we show that the CP of Emx1-Cre/Pax6cKO mice at E15.5 contained an increased number of early-born Tbr1ϩIGL neurons and a greater proportion of heavily BrdU-labeled cells, suggesting that the Pax6-deficient cells prematurely exit the cell cycle and differentiate. One possibility could be that, in Pax6 deficiency, the early RG progenitors terminally differentiate after initial asymmetric division and prematurely exit from mitotic cycle without generating IPs (direct neuronogenesis). Notably, however, an increased mitotic activity has been observed abventricularly (in a position where IPs normally divide) in Emx1-Cre/Pax6cKO mice (this study) and Pax6-deficient embryos (Götz et al., 1998; Quinn et al., 2007) . The proliferation of IPs in the SVZ is negatively controlled by the transcription factor Cux2, whose expression is completely abolished in Pax6 LOF mutants Zimmer et al., 2004 ; this study). It is possible therefore that, in Pax6 deficiency, the IPs undergo a greater than normal number of symmetric divisions abventricularly (indirect neuronogenesis), thus increasing the size of the earlier-generated IGL neuronal identities. Although additional research is needed to address the Pax6 contribution to direct versus indirect neuronogenesis, the data from our group and others suggest that, by controlling mitotic cycle progression during early corticogenesis, Pax6 plays an essential role in the establishment of neuronal layer identities in the MZ, IGLs, and SGLs.
As related to glial differentiation, we show that cortical parenchymal astrocytes are underrepresented in Emx1-Cre/Pax6cKO mice, but the mutant cortex contains an increased amount of Olig1ϩ and PLP/D20ϩ oligodendroglial cells, the later glial subset produced mainly by prenatal and postnatal RG cells (Ivanova et al., 2003) . The enhanced oligodendroglial cell numbers in mutant cortex were supported by two additional markers: S100␤ in early postnatal brain and MBP in adult brain. Thus, although Pax6 is apparently not involved in the specification of upper neuronal cell fate, the late prenatal and juvenile RG progenitors, expressing Pax6 at low levels, appear to play a role in the specification of astroglial (Sakurai and Osumi, 2008) and oligodendroglial cell lineages, possibly even after birth.
Pax6 deficiency during corticogenesis leads to cognitive disabilities at maturity
The behavioral and anatomical disturbances in the adult Emx1-Cre/Pax6cKO mice resemble the cognitive disabilities and structural abnormalities observed in aniridia patients, heterozygous to PAX6 mutations. The most important cognitive deficit of aniridia patients is related to impairment of the frontal lobe development (Heyman et al., 1999; Malandrini et al., 2001; Ellison-Wright et al., 2004) . Aniridia probands show a deficiency in verbal tests that requires an active inhibition controlled by the prefrontal cortex (Heyman et al., 1999; Thompson et al., 2004; Bamiou et al., 2007a) . Similarly, Emx1-Cre/Pax6cKO mice demonstrated a deficit in a test for extinction of cued-fear conditioning that depends on an intact prefrontal cortex (Quirk et al., 2006) . As shown previously, the size of motor areas in juvenile Emx1-Cre/ Pax6cKO mice (Piñon et al., 2008) and the thickness of the frontal and fronto-orbital cortices of adult mutants (Boretius et al., 2009) were severely reduced, an effect that could be mainly attributed to the almost complete loss of upper cortical layers. The SGL neurons are the main contributors to the CC, which is the largest fiber bundle that connects the two hemispheres and is severely malformed in Emx1-Cre/Pax6cKO mice (Boretius et al., 2009 ; this study). These findings are in line with magnetic resonance imaging (MRI) data for aniridia patients showing a dysgenesis of CC, an absence or hypoplasia of the anterior commissure, and a reduction in prefrontal gray matter (Sisodiya et al., 2001; Ellison-Wright et al., 2004; Bamiou et al., 2007b) . We found that Emx1-Cre/Pax6cKO mice have a deficit in motor balance and coordination on the rotarod test, and in avoidance behavior in the hot-plate test, two behavioral paradigms assumed to reflect the integration of sensory information controlling specific motor response (Pastoriza et al., 1996) . This deficiency could be related to both the shrunken size of motor areas and the failure to establish correct interhemispheric connections between motor representations through the CC (Schieppati et al., 1984; Stancak et al., 2002) . In addition to malformed SGLs, the cortex of adult Emx1-Cre/Pax6cKO mice contained an enlarged set of GABAergic interneurons. The SGL neurons use the excitatory transmitter, glutamate, and provide excitatory synaptic effects, whereas GABAergic INs, which are also activated by the excitatory transcallosal fibers, mediate interhemispheric inhibition (Conti and Manzoni, 1994) . Together, these findings suggest that, in Pax6 deficiency, dysgenesis of SGLs and the presence of ectopic INs cause a profound deficit in the establishment of the sensorimotor integration.
The Emx1-Cre/Pax6cKO mice exhibited a deficit for the recall of hippocampal-dependent recent memory, as evidenced in a test for contextual fear conditioning. The presence of a surplus of Vglut1ϩ, NSEϩ pyramidal neurons in CA1-CA3 regions of the hippocampus was shown in the juvenile Emx1-Cre/Pax6cKO mice and an increased compactness of the Ammon's horn was evident in the adult mutants. Notably, however, recent results from manganese-induced MRI signal enhancement analysis suggest that the pyramidal cells in Pax6cKO mice function normally (Boretius et al., 2009 ). These findings are in agreement with MRI results for aniridia patients, who show learning disabilities (Heyman et al., 1999; Malandrini et al., 2001 ) and exhibit local excesses of gray-matter volume in the hippocampus and occipital cortex, areas that are usually activated by verbal executive tasks (Ellison-Wright et al., 2004) . It is worth noting that the septohippocampal connections were severely disorganized in Emx1-Cre/Pax6cKO mice and showed a decreased manganese-induced MRI signal enhancement, implying a functional deficit (Boretius at al., 2009 ). We therefore assume that the hippocampusdependent memory deficit in Emx1-Cre/Pax6cKO mice also includes abnormal septo-hippocampal connectivity (Boretius et al., 2009) .
The Emx1-Cre/Pax6cKO mice exerted a selective deficiency in remote-cued fear memory recall. Remarkably, the neurons of the IGLs and SGLs appear to be selectively activated in the process of memory consolidation: whereas IGLs are activated mainly when recent memory is tested, predominantly L3-L2 neurons are activated during remote memory recall (Frankland et al., 2004) . Storage of longer-term memories is dependent on the function of intact neocortical circuits, and consolidation of short-term memories involves a change in the strength of the corticocortical connection (Müller and Pilzecker, 1900; Miller, 1996; Dudai, 2004; Maviel et al., 2004) . We therefore propose that the absence of Pax6 during development causes the profound defects on the cortical layering and intercortical and intracortical connectivity (Boretius et al., 2009 ) that underlie cognitive disabilities after birth in mouse, and possibly in humans. Additional experiments are in progress to explore more directly the relationship between
